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SUMMARY 
A heterodyne  spectrometer  has  been  constructed  and  applied  to  problems  in 
infrared  astronomical  spectroscopy.  The  instrument  offers  distinct  observa- 
tional  advantages  for  the  detection  and  analysis  of  individual  spectral  lines 
at  Doppler-limited  resolution.  Observations  of  carbon  dioxide  in  planetary 
atmospheres  and  ammonia  in  circumstellar  environments  demonstrate  the  substan- 
tial  role  that  infrared  heterodyne  techniques  will  play  in  the  astronomical 
spectroscopy  of  the  future. 
INTRODUCTION 
For  astronomical  observations  which  require  Doppler-limited  resolution  and 
high  absolute  frequency  accuracy,  laser  heterodyne  spectroscopy  offers  to  the 
infrared  the  technical  advantages  long  enjoyed  at  radio  frequencies.  The 
vibrational-rotational  spectra  of  planetary  and  circumstellar  molecules  can  now 
be  studied  at  the  same  high  resolution  commonly  used  for  the  pure  rotational 
and  other  low-energy  transitions  falling  in  the  microwave  domain.  In  the  infra- 
red, the  Doppler-limited  resolution of heterodyne  spectroscopy  has  made  possible 
new  types  of  observations.  Examples  are:  studies of exact  lineshapes  of  CO 
absorption  profiles  in  the  atmospheres  of  Mars  and  Venus  to  derive  the  vertical 
pressure-temperature  structure  of  the  atmosphere,  accurate  measurements  of  wind 
velocities  in  the  stratosphere  and  mesosphere  of  Venus  from  the  Doppler  shifts 
of  narrow  CO  lines,  and  investigations of the  gas  dynamics of circumstellar 
molecules  by  the  detection  of  the 10 pm  absorption  lines  of  NH3. 
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In  heterodyne  spectroscopy,  whether  radio  or  infrared,  the  source  radiation 
collected  through a telescope  is  mixed  with a  stable  local  oscillator  signal  in 
a  nonlinear  element  (usually a  device  with  a  square-law  response  to  the  elec- 
tric  field),  and  the  resulting  difference  frequencies  are  analyzed  in a  bank  of 
radio  frequency  (RF)  filters  and  power  detectors.  In a properly  designed 
system,  the  frequency  calibration  and  stability  of  the  local  oscillator  (such 
as a  klystron  in  the  radio  or  a  laser  in  the  infrared)  determines  the  absolute 
frequency  calibration  and  ultimate  frequency  resolution  capability  of  the  entire 
spectrometer.  In  practice,  the  frequency  widths  of  the  individual RF filter 
channels  are  usually  chosen  to  resolve  adequately a  Doppler-limited  profile. 
The  total  number of available  channels,  and  hence  the  total  spectral  range 
visible  at  one  time,  may  be  dictated  either  by  economics  or  the  intermediate 
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f requency   ( IF)   bandwidth   ava i lab le   f rom  the   mixer .   Dgppler - l imi ted   spec t ros-  
c o p y  u s u a l l y  r e q u i r e s  r e s o l v i n g  p o w e r s  b e t t e r  t h a n  1 0  , and s o  whereas channel 
widths of 300 kHz  may b e  a d e q u a t e  i n  a 1 mm wavelength  rece iver ,  channels  as 
wide as 30 MHz wou ld  be  more  p rac t i ca l  fo r  a 10 pm spec t romete r .  The fo l lowing  
sec t ions  d i scuss  the  imp lemen ta t ion  and  use  o f  such  a he te rodyne  spec t romete r  
f o r  t h e  1 0  pm b a n d ,  w i t h  i n i t i a l  e m p h a s i s  o n  t h e  l o c a l  o s c i l l a t o r  a n d  mixer 
c h a r a c t e r i s t i c s  o f  t h e  i n s t r u m e n t .  
INSTRUMENT 
Figure  1 shows a s i m p l i f i e d   s c h e m a t i c  of t h e   s p e c t r o m e t e r .  The converging 
beam f r o m  t h e  t e l e s c o p e  e n t e r s  on t h e  l e f t ,  comes t o  a focus ,  and  then  passes  
through a coa ted  N a C l  beamsp l i t t e r .   (The   t e l e scope   u sed   fo r  a l l  these   observa-  
t i o n s  is e i t h e r  t h e  1 . 5  o r  0 . 7 5  meter a p e r t u r e s  o f  t h e  McMath Solar  Telescope 
a t  K i t t  Peak  Nat iona l  Observa tory  in  Tucson . )  The  ver t ica l ly-polar ized  output  
from a C02 laser is f i r s t  n a t c h e d  t o  t h e  d i v e r g e n c e  o f  t h e  s i g n a l  beam and then 
p a r t i a l l y  r e f l e c t e d  by t h e  b e a m s p l i t t e r .  By expanding  the  Gaussian laser  beam 
b e f o r e  t h e  b e a m s p l i t t e r  a n d  t h e n  s e l e c t i n g  o n l y  t h e  c e n t e r ,  a near ly  uni form 
i n t e n s i t y  d i s t r i b u t i o n  c a n  b e  o b t a i n e d  t o  m a t c h  w i t h  t h e  n e a r l y  u n i f o r m  t r a n s -  
v e r s e  i n t e n s i t y  d i s t r i b u t i o n  of t h e  t e l e s c o p e  beam. I n   p r a c t i c e ,   t h e   " l e n s "  a t  
t h e  o u t p u t  o f  t h e  laser is  a p a i r  o f  small mi r ro r s  wh ich  pe r fo rm the  equ iva len t  
beam-matching f u n c t i o n  i l l u s t r a t e d  i n  t h e  d i a g r a m .  The  second  germanium l e n s  
j u s t  b e f o r e  t h e  d e t e c t o r  is  as shown,  however,  and i s  used a t  approx ima te ly  f /3  
i n  o r d e r  t o  a c h i e v e  a small s p o t  s i z e  ( ' ~ 6 0  vm) a t  an  optimum po in t  on  the  
pho tode tec to r  (%150 pm diameter) .   Only  about  0.5 t o  0 . 8  mW of laser power i s  
a c t u a l l y  i n c i d e n t  on t h e  d e t e c t o r ,  a n  HgCdTe photodiode developed by 
David  Spears  of  Lincoln  Laboratory.   With a low n o i s e  p r e a m p l i f i e r  f o l l o w i n g  
the  mixe r ,  u se fu l  bandwid ths  to  2 GHz can  eas i ly  be  ob ta ined  wi th  these  pho to -  
d e t e c t o r s ,  a l t h o u g h  t h e  p a r t i c u l a r  o n e s  w e  have are  norma l ly  r a t ed  to  %1.5 GHz. 
The ques t ion  o f  de f in ing  IF  bandwid th  in  a real  a p p l i c a t i o n  w i l l  be  d iscussed  
l a t e r .  The ampl i f i ed  I F  ou tpu t  i s  t h e n  d i r e c t e d  i n t o  a second RF mixer  which 
conve r t s  a se l ec t ed  1280  MHz wide  segment  into a 64x20 MHz f i l t e r  bank.  The 
undesired image response of  the 2nd mixer i s  r e j e c t e d  by f i l t e r i n g  b e f o r e  t h e  
mixer. The d i r e c t  RF t o  I F  i s o l a t i o n  of t h i s  m i x e r  is measured t o  exceed 26 dB 
ove r  the  ou tpu t  band .  (Fu tu re  des igns  o f  t h i s  subsys t em w i l l  employ a more 
compl ica ted   bu t   versa t i le   combina t ion   of  2nd a n d  3 r d  l o c a l  o s c i l l a t o r s . )  The 
2nd LO is a l so  used  to  t r ack  ou t  changes  o f  sou rce  Dopp le r  ve loc i ty  ( such  as 
ro t a t ion   o f   t he   Ea r th   %3  MHz/hr) du r ing   t he   cour se   o f   obse rva t ions .   Fo r  
p l a n e t a r y  o b s e r v a t i o n s  a d i f f e r e n t  f i l t e r  bank  of  40x5 MHz f i l t e r s  (200 MHz 
t o t a l )  i s  used t o  p r o v i d e  f i n e r  r e s o l u t i o n .  The de tec t ed   ou tpu t s   f rom  the  
f i l t e r - b a n k  c h a n n e l s  are s i m u l t a n e o u s l y  i n t e g r a t e d  i n  a fo l lowing  set of  analog 
i n t e g r a t o r s  a n d  t h e  n e t  o u t p u t s  p e r i o d i c a l l y  s a m p l e d  by a computer. On weak 
s o u r c e s ,  r e p e a t e d  i n t e g r a t i o n s  of 8 min in te rspaced  by  2 min c a l i b r a t i o n s  on a 
blackbody  source may accumula t e   fo r   s eve ra l   hour s .  Not  shown i n  t h i s  f i g u r e  
are sky-chopper  foreopt ics  a t  t h e  t e l e s c o p e  f o c u s  w h i c h  a l t e r n a t e  t h e  f i e l d - o f -  
v iew of  the  de tec tor  on  and  of f  the  source  a t  150 Hz.  The chopped  s ignals   f rom 
t h e  f i l t e r  bank are synchronously demodulated a t  t h i s  f r e q u e n c y  j u s t  b e f o r e  
i n t e g r a t i o n .  
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FRONT END COMPONENTS 
Laser 
A l l  o u r  o b s e r v a t i o n a l  work to  da t e  has  been  accompl i shed  wi th  f ixed -  
frequency C 0 2  lasers, which are s t e p - t u n a b l e  t o  d i s c r e t e  v i b r a t i o n a l - r o t a t i o n a l  
t r a n s i t i o n s  o f  v a r i o u s  CO i s o t o p e s   o v e r  the 9 t o  1 2  pm band.  The p a r t i c u l a r  
model now i n  use  is  based  on  the  Lincoln  Labora tory  des ign  of  Char les  Freed  in  
us ing  a semi - sea l ed  d i scha rge  tube ,  i nva r  s t ab i l i z ing  rods ,  and  g ra t ing  tun ing  
cont ro l   wi th   zero-order   ou tput   coupl ing .   This   des ign   maximizes   the  Q o f   t h e  
1% m laser cavi ty  and  permi ts  laser o s c i l l a t i o n  on J-values up t o  %60  on t h e  
s t ronge r   i so topes   o f  CO . Output  powers up t o  s e v e r a l  watts are s t i l l  ob ta ined  
on t h e  s t r o n g e r  l i n e s .  2 A s i d e  f r o m  c o n t i n u o u s  t u n a b i l i t y ,  t h i s  laser o f f e r s  a l l  
t h e  f e a t u r e s  d e s i r e d  i n  a l o c a l  o s c i l l a t o r :  more than  adequate  power  in  a 
c l e a n  s i n g l e  mode, freedom from AM and FM p e r t u r b a t i o n s ,  r e a s o n a b l e  p h y s i c a l  
s i z e  a n d  e f f i c i e n c y ,  a n d  a c c u r a t e  a b s o l u t e  f r e q u e n c y  c a l i b r a t i o n  f o r  a l l  d i s -  
c r e t e   o s c i l l a t i o n   f r e q u e n c i e s .   I n   f a c t  , t h e   l a c k  of con t inuous   t unab i l i t y   and  
hence  unce r t a in ty  in  the  osc i l l a t ion  f r equency  may be viewed as a p o s i t i v e  
f e a t u r e  f o r  many s p e c t r o s c o p i c  a p p l i c a t i o n s ,  i n  t h a t  t h e  laser frequency i s  
a u t o - c a l i b r a t e d  e i t h e r  t o  b e t t e r  t h a n  1 p a r t  i n  l o 7  accuracy  wi th  the  d ischarge  
i m p e d a n c e  s e n s i n g  t e c h n i q u e , 3  o r  t o  b e t t e r  t h a n  1 p a r t  i n  lo9  abso lu te  accu racy  
wi th   t he   s a tu ra t ed   r e sonance   f l uo rescence   t echn ique .   Consequen t ly ,  a separate 
i n v o l v e d  c a l i b r a t i o n  mechanism is no t  necessa ry ,  as would be  the  case  wi th  tun -  
ab le   d iode  lasers, for  example.  The   comple teness   o f   spec t ra l   coverage   in   the  9 
t o  12 pm r eg ion  can  be  e s t ima ted  by c o u n t i n g  t h e  t o t a l  number  of laser l i n e s  
a v a i l a b l e  from i s o t o p i c  CO and l 4 N 2 I 6 O  lasers in  the sequence and "hot"  bands 
as w e l l  as t h e  more conven t iona l  laser  bands. The average  spac ing  be tween l ines  
i s  %3 GHz, which i s  a l s o  c l o s e  t o  t h e  I F  output  bandwidth avai lable  f rom s ta te-  
of - the-ar t   in f ra red   photomixers .   This  i s  n o t  t o  s a y  t h a t  a laser l i n e  is 
a lways  a v a i l a b l e  t o  c o n v e r t  a t a r g e t  f r e q u e n c y  i n t o  t h e  c e n t e r  o f  t h e  a v a i l a b l e  
I F  band, b u t  t h a t ,  more o f t e n  t h a n  n o t ,  a laser l i n e  c a n  b e  f o u n d  i n  t h e  9 t o  
1 2  pm range so t h a t  p r a c t i c a l  o b s e r v a t i o n s  may be   a t tempted .  An added  inf lu-  
enc ing  f ac to r  a id ing  the  use  o f  a fixed-frequency LO i s  tha t  t he  Dopp le r  f r e -  
quency  of  the  ta rge t  l i ne  w i l l  v a r y  w i t h  t h e  o r b i t a l  m o t i o n  of the  Ea r th ,  and  
s h i f t s  as l a r g e  as '3 GHz('30 km/s) can be expected a t  10 urn, depending on the 
d i r e c t i o n  t o  t h e  s o u r c e .  Even f o r  t h e  least  f avorab ly   p l aced  s te l lar  s o u r c e s ,  
du r ing  a t  least  one month of t h e  y e a r  a s p e c i f i e d  l i n e  w i l l  usual ly  be observ-  
a b l e   w i t h  a CO o r  N 0 laser. The  more f a v o r a b l e   p l a n e t a r y   s o u r c e s ,   t h e  
p l a n e t s  Mars and  Venus w i t h  r i c h  CO atmospheres,  are t r i v i a l l y  o b s e r v a b l e  f r o m  
a Doppler viewpoint,  as the  Doppler  sh i f t s  f rom mot ion  wi th  respec t  to  the  2 
Ear th  do not   exceed 1.5 GHz (15 k m / s ) .   I n   t h i s  l a t t e r  appl ica t ion ,   where  CO 
i t s e l f  i s  t h e  t a r g e t  m o l e c u l e ,  t h e  CO laser i s  o f  c o u r s e  i d e a l l y  s u i t e d  as $he 
l o c a l  o s c i l l a t o r .  In t h o s e  o t h e r  cases w h e r e  t h e  t a r g e t  l i n e  is  n o t  a laser 2 
t r a n s i t i o n ,  s u c h  as t h e  NH l i n e s  s e e n  i n  stars, t h e n   t h e   o f f s e t   f r e q u e n c y  
b e t w e e n  t h e  t a r g e t  l i n e  a n d  t h e  laser must  be determined by laboratory spec-  
t roscopy.   Aside  f rom  the  heterodyne  measurements   done  in   our  own l a b o r a t o r y  on 
s p e c i f i c  l i n e s  o f  NH , OCS, C2H4, and SiH4, both heterodyne and a number  of 
o t h e r  l a s e r - r e l a t e d  2 e c h n i q u e s  h a v e  b e e n  a p p l i e d  t o  t h e  10 vm spectroscopy of  
a s t rophys ica l ly  impor t an t  mo lecu le s  wi th  %3 MHz accuracy. 5-11 
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Detector/Preamplifier 
The  photomixer  is  a  reversed-biased  HgCdTe  photodiode  with  an %2~10-~cm -2 
active  area  and an  effective  AC  quantum  efficiency  of  %35%  at 10.6 pm. l 2  The LO 
power  level  required  for  quantum-noise  (shot-noise)  limited  operation  depends, 
of course,  on  the  noise  temperature  of  the  first  IF  amplifier  stage.  With 
conventional  bipolar  amplifiers  featuring  an  %250 K noise  temperature  over  the 
100 to  1500 MHz band,  laser  power  levels  of  about  0.5  to 0.8 mW  are  required  on 
the  detector  to  raise  the  laser-induced  shot  noise  from  the  photomixer  to 
several  times  the  amplifier  noise  level. LO power  levels  much  above 1 mW  on 
the  detector  risk  inducing  saturation  and a  concomitant  decrease  in  effective 
quantum  efficiency.  An  operational  definition  of  the  detector  bandwidth  for 
quantum-noise-limited  performance  can  be  stated  as  the IF frequency  where  the 
LO induced  shot  noise  and  amplifier  noise  contributions  are  equal.  Operational 
bandwidths  exceeding  the  detector's -3  dB  bandwidth  are  thus  possible.  For  the 
Lincoln  Laboratory  photomixers  that we use,  the  output  bandwidth  is %1500 MHz 
for  operation  with  a  bipolar  preamplifier  with  a  250 K noise  temperature. 
Obviously,  a  reduction  in  amplifier  noise  at  high  intermediate  frequencies  can 
extend  the  usable  bandwidth  of  the  photodetector.  Any  drop  in  IF  system  gain 
with  detector  rolloff  can  be  compensated  in  later  stages  of  amplification  where 
the  noise  temperature  factor  is  not  critical.  The  current  availability  of 
low-noise  GaAs  field  effect  transistors  permits  an  optimized  preamplifier  to  be 
constructed  to  match  the  photomixer  response  characteristics.  An  amplifier 
based  on  designs  of  the  Radio  Astronomy  Laboratory  at  Berkeley  is  now  in  use  on 
the  spectrometer. It features  a  reactively-tuned  2-stage  design  with  about 
20  dB  gain  and  good  input/output  match  (VSWR  s2.0)  from 500 to  2000  MHz. The 
noise  temperature  minimum  is  adjusted to fall  at %1600 MHz so as  to  provide  the 
best  performance  at a frequency  where  the  photomixer  response  is  already  falling 
off.  When  operated  at  room  temperature,  the  amplifier  has  noise  temperature 
of 60 K at 1600 MHz, 80 K at  2000  MHz,  and 90 K at 1000 MHz.  Below 1 GHz,  the 
noise  temperature  rises  rapidly  to  %250 K at 500 MHz.  When  the  preamplifier  is 
cooled to 77 K, as  depicted  in  Figure 1, the  noise  temperatures  fall to about 
half of.their respective  room  temperature  values.  Even  for  a  warm  amplifier, 
however,  the  detector/preamp  system  operates  in  the  quantum  noise  limit  to 
beyond 2  GHz,  the  limit  of  our  measurement  system.  Although  this  relatively 
slight  increase  of 30% in  operating  bandwidth  may  appear  small  and  not  worth 
the  additional  effort  required,  in  practice  it  significantly  improves  the 
spectrometer's  usefulness,  in  that  wide  spectral  lines  can  be  centered  at  a 
higher  intermediate  frequency  and  thus  avoid  the  lineshape  interpretation 
problems  associated  with  side-band  foldover  about  the  local  oscillator  fre- 
qcency.  In  addition,  several  lines  of  circumstellar  NH  have  been  detected 
with  the 2  GHz  system  which  are  unreachable  with  only  a  1.5  GHz  IF.  For 
astronomical  observations,  more  benefits  will  come  from  increased  output  band- 
widths  in  photomixers  than  from  improvements  in  quantum  efficiency,  although, 
of  course,  both  are  desired.  But,  even  as  improved  detectors  with 3 GHz 
bandwidths ( - 3  dB)  are  fabricated  in  the  near  future,  cooled FET preamps  will 
still  be  desired  to  further  extend  operational  bandwidths.  Currently,  a  cooled 
preamp  with  an 0.1 to 4.0 GHz  response  is  under  development  at  Berkeley.  This 
amplifier will be  integrated  with  the  photodiode  package  to  eliminate  inter- 
vening  cabling  and  the  attendant  problems  associated  with VSWR variations. 
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Another  obvious.advantage of  a low n o i s e  preamp is t h e  r e d u c t i o n  i n  LO d r i v e  
level r e q u i r e d  t o  raise the  l a se r - induced  sho t  no i se  above  the  p reampl i f i e r  
no ise   cont r ibu t ion .   Cooled  FET preamps  should  a l low  receivers   using  tunable  
d iode  lasers of  modest  s ingle  mode power (%lo0 pW) to  achieve quantum-noise-  
l imited performance over  IF bandwidths  approaching the detector 's  7 3 d B  
response.  
OPERATIONAL  CHARACTERISTICS 
The s e n s i t i v i t y  o f  t h e  s p e c t r o m e t e r  on t h e  t e l e s c o p e  may b e  computed 
d i r e c t l y  from the  throughputs   of   the   var ious  components .  A t  a wavelength  of 
10.5 pm, 92% o f  t h e  i n c i d e n t  s i g n a l  f l u x  is t r a n s m i t t e d  t h r o u g h  t h e  terrestrial 
atmosphere, 77% through the  5 m i r r o r s  o f  t h e  s o l a r  t e l e s c o p e ,  50% average 
through  the   sky-chopper ,   and   75%  through  the   t ab le   op t ics .  Of the   remain ing  
f l u x ,  35% produces   an   e f f ec t ive  I F  s i g n a l   c u r r e n t   i n   t h e   p h o t o m i x e r .   F u r t h e r -  
m o r e ,  o n l y  s i g n a l  r a d i a t i o n  i n  t h e  p o l a r i z a t i o n  o f  t h e  laser i s  detected,  which 
may be  regarded as a n  a d d i t i o n a l  50% l o s s  f o r  u n p o l a r i z e d  s o u r c e s .  The n e t  
s y s t e m  d e t e c t i o n  e f f i c i e n c y  o f  o n l y  5%, however, is s t i l l  a d e q u a t e  f o r  u s e f u l  
as t ronomical  work,  as w i l l  b e  s e e n  i n  t h e  n e x t  s e c t i o n .  
S p e c t r a  are g e n e r a t e d  b y  i n t e g r a t i n g  f o r  4 minu tes  wi th  the  sou rce  in  the  
p o s i t i v e  beam of  the sky-chopper  and then for  4 m i n u t e s  w i t h  t h e  s o u r c e  i n  t h e  
n e g a t i v e  beam. The d i f f e r e n c e   b e t w e e n   t h e s e   i n t e g r a t i o n s  is t h e  t o t a l  s i g n a l  
w i t h   i n t e g r a t o r   o f f s e t s   c a n c e l l i n g .   L a b o r a t o r y   b l a c k b o d i e s  a t  ambient  and  an 
e l eva ted  t empera tu re  (228 C) are  t h e n  i n t e r p o s e d  i n  t h e  two  beams f o r  t h e  
c a l i b r a t i o n  c y c l e  and t h e  p r o c e s s  r e p e a t e d ,  e x c e p t  t h a t  e a c h  i n t e g r a t i o n  is f o r  
1 minute. The f i n a l  s p e c t r a  i s  produced by n o r m a l i z i n g  t h e  s i g n a l  by t h e  
b l ackbody   i n t eg ra t ion .   P rev ious   ca l ib ra t ions  of te lescope   and   a tmospher ic  
t r a n s m i s s i o n  a l l o w  a n  a b s o l u t e  s i g n a l  l e v e l  t o  b e  i n f e r r e d .  It is  impor tan t  
t h a t  t h e  laser power  on t h e  p h o t o d e t e c t o r  r e m a i n  c o n s t a n t  u n t i l  t h e  c a l i b r a t i o n  
cyc le  i s  completed.   Otherwise,   changes  in  the  photodiode  impedance w i l l  n o t  
a l low gain var ia t ions from standing waves between mixer  and preamp t o  b e  com- 
p l e t e ly  no rma l i zed  by t h e  c a l i b r a t i o n  c y c l e ,  a n d  a d i s t o r t e d  s p e c t r a  may 
r e s u l t .  
0 
The i n f r a r e d  t r a n s m i s s i o n  o f  t h e  terrestrial atmosphere can be determined 
f rom spec t r a  o f  t he  Moon o r  t he  p l ane t  Mercury .  The Sun may a l so  be  used  as a 
b l a c k b o d y  f o r  s p e c t r a l  c a l i b r a t i o n  o f  t h e  terrestrial  atmosphere i f  a c c u r a c i e s  
no b e t t e r  t h a n  %l% are requ i r ed .  Our r e p e a t e d  o b s e r v a t i o n s  o f  t h e  i n t r i n s i c  
so l a r  spec t rum show numerous  unident i f ied  absorp t ion  l ines  throughout  the  10 u m  
spectrum. The l i n e s  are on t h e  o r d e r  o f  1% deep  and 300 t o  400 MHz wide,  and 
v a r y   i n   s t r e n g t h  and d e t a i l  from place t o  p l a c e  on t h e  Sun. P o s s i b l e   c o n t r i -  
bu to r s  i nc lude  the  fundamen ta l  v ib ra t iona l - ro t a t iona l  bands  o f  FeO and  o ther  
me ta l l i c  ox ides ;  however ,  t he  cu r ren t  s ta te  o f  l abora to ry  spec t roscopy  on t h e s e  
molecules i s  r e l a t i v e l y  s o  p o o r  t h a t  p o s i t i v e  i d e n t i f i c a t i o n s  may n o t  r e a d i l y  
be achieved.  
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ASTRONOMICAL  APPLICATIONS 
P l a n e t s  
The f i r s t  u s e  o f  i n f r a r e d  h e t e r o d y n e  f o r  a s t r o n o m i c a l  s p e c t r o s c o p y  was t o  
measu re  the  l i neshapes  o f  i nd iv idua l  1 3 C 1 6 0  l i n e s  i n  t h e  a t m o s p h e r e  of Mars. l 3  
Figure  2 shows a subsequent  observa t ion  wi th  an  improved  vers ion  of  tha t  ear ly  
spec t rometer .  The  P(16) l i n e  of l 2 C l 6 0  i n  t h e  1 0  ym laser band i s  s e e n  i n  2 
abso rp t ion  in  the  Mar t i an  a tmosphe re .  Each channel  is 5 MHz wide  and  overlap- 
ping segments of 40 channels  were combined t o  r e c o n s t r u c t  t h e  w i n g  of h a l f  t h e  
l i n e .  The e q u i v a l e n t   i n t e g r a t i o n  t i m e  f o r   t h e   s p e c t r u m  is  40 minutes.  The 
i n t e n t  o f  t h i s  a n d  similar o b s e r v a t i o n s  o f  o t h e r  CO l i n e s  w a s  t o  model t h e  
v e r t i c a l  p r e s s u r e - t e m p e r a t u r e  s t r u c t u r e  of the atmosphere of  Mars. l 4  The d a t a  
were f i t t e d  w i t h  a s imple  4 parameter  model ,  and the sol id  curves  show t h e  
e f f e c t s  o f  d i f f e r e n t  s u r f a c e  p r e s s u r e  estimates t o  t h e  f i t  of t h e  d a t a .  The 
a b i l i t y  of he te rodyne  spec t roscopy to  reso lve  the  l ineshape  permi ts  measure-  
m e n t s  o f  a t m o s p h e r i c  s u r f a c e  p r e s s u r e  t o  b e t t e r  t h a n  0 . 5  m i l l i b a r  (%0.4 t o r r )  
accuracy. Two a d d i t i o n a l   u n e x p e c t e d   f e a t u r e s   ( a t   t h e   t i m e )  are a l s o   S e e n   i n  
t h i s  p r o f i l e .  The small a r r o w  o n  t h e  r i g h t  p o i n t s  t o  t h e  a b s o r p t i o n  l i n e  of t h e  
P ( 2 3 )   t r a n s i t i o n  of 12C160180 i n  t h e  1 0  ym laser band. On t h e  l e f t ,  t h e  
c e n t r a l   c o r e   o f   t h e  l 2 C l 6 O  a b s o r p t i o n   l i n e  is s e e n   t o   b e   i n   e m i s s i o n .  The 
width of  this  Gaussian re-emission component  is on ly  %35 MHz (FWHM), which 
i m p l i e s  a g a s  k i n e t i c  t e m p e r a t u r e  of  only  %170 K a t  t h e  a l t i t u d e  of l i n e  
formation. The in tens i ty   o f   the   emiss ion ,   however ,  is  much s t r o n g e r  t h a n  t h a t  
expected from C 0 2  i n  l o c a l  thermodynamic equilibrium a t  th i s  t empera tu re  and  
sugges t s  a n o n t h e r m a l  e x c i t a t i o n  mechanism f o r  t h e  phenomenon.  The d e t e c t i o n  
2 
2 
2 
of similar and  s t ronge r  r e -emiss ion  co res  in  l 2 C l 6 O  a b s o r p t i o n  l i n e s  on Venus 2 
s t r e n g t h e n s  t h e  i n t e r p r e t a t i o n  t h a t  t h e  n o n t h e r m a l  e x c i t a t i o n  o f  CO comes  from 
d i r e c t   s o l a r  pumping  of short   wavelength C02 bands. 9 l 6  The emi tg ing  C02 
l i es  h igh  in  the  mesosphe res  of t h e  p l a n e t s  ( 7 5  km on Mars, 120 km on  Venus) s o  
tha t  co l l i s iona l  de -exc i t a t ion  canno t  quench  the  subsequen t  10 ym 
f luorescence" .   F igure  3 i l l u s t r a t e s   t h e   a p p e a r a n c e  of the  re-emission  core   of  
t h e   P ( 1 6 )   l i n e   f o r   t h r e e   d i f f e r e n t   p o s i t i o n s  on Venus. S u n l i g h t   i l l u m i n a t e s  
t h e  p l a n e t  f r o m  t h e  l e f t  i n  t h i s  d i a g r a m  a n d  i s  s t r o n g e s t  a t  p o s i t i o n  1, c l o s e  
t o  t h e  l o c a l  noon  on t h e  p l a n e t .  The s t r e n g t h  of t h e  10 ym e m i s s i o n  l i n e  i s  
c l e a r l y  s e e n  t o  b e  p r o p o r t i o n a l  t o  t h e  i n c i d e n t  s o l a r  i n t e n s i t y .  No emission 
l i n e  i s  seen  f rom the  dark  ha l f  o f  the  p lane t  a t  t h e  r i g h t ;  o n l y  t h e  r e l a t i v e l y  
11 
f l a t  r e s i d u a l  c o n t i n u u m  r a d i a t i o n  a t  the  cen te r  o f  t he  ve ry  b road  
a b s q r p t i o n  l i n e  i s  d e t e c t e d .  On Venus, t h e  column dens i ty   o f  12C160, is s o  
12 1 6  
O2  
L 
h i g h  t h a t  t h e  a b s o r p t i o n  l i n e s  of l 2 C l 6 O  are "saturat ion-broadened"  to   be much 
wider  than  our  photomixer  bandwidth. The comple t e  p ro f i l e s  o f  weake r  l i nes  of 
2 
1 3 C 1 6 0  can   be   readi ly   seen   in   absorp t ion ,   however .   For   Venus ,   the  2 
16 
Doppler-shifts  of  both  the  mesospheric  l2Cl60,  emission  components  (120  km) 
L 
and  the  stratospheric  13C160  absorption  lines (80 km altitude)  have  been 2 
monitored  for  several  years in order  to  determine  the  average  wind  circulation 
patterns  at  these  altitudes. The signal-to-noise  ratio  and  absolute  laser 
frequency  calibration  of  the  heterodyne  spectra  permit  emission  and  absorption 
line  shifts  to be measured  to %2 and 15 m/sec  accuracy,  respectively.  The 
results  indicate  an  average  retrograde  circulation of 90 m/sec  at  stratospheric 
altitudes  and a  symmetric  subsolar  to  anti-solar  flow  as  fast  as  130  m/sec  in 
the  mesosphere. (A complete  report  on  four  years of observations  will  be 
submitted  for  publication  following  planned  observations  in  late  Spring, 1980.) 
Stars 
In  1978,  the  first  application f the  spectrometer  to  stellar 
spectroscopy  was  the  detection  of  several  absorption  lines  in  the 10 pm v 
band of ammonia  in  the  gas  cloud  surrounding a supergiant  star  called 
IRC + 10216.  Since  then,  circumstellar  ammonia  has  been  detected  around  a 
number  of  supergiant  stars  of  various  types,  some  of  which  also  emit  peculiar 
microwave  maser  emission  from  circumstellar OH, H 0 ,  and Si0 molecules.'9,20 
Ammonia  is  relatively  abundant  in  these  sources  and  is  an  excellent  indicator 
of  the  gas  dynamics  throughout  the  circumstellar  region.  The  absolute  fre- 
quency  accuracy  and  resolution  of  the  infrared  heterodyne  spectrometer  permits 
direct  comparisons  with  similarly  accurate  microwave  data  available  from  radio 
astronomy  on  these  maser  stars.  For  the  non-maser  star  IRC + 10216,  Figure 4 
2 
2 
shows  an  absorption  line  of 1 4 N H  in  the  ground (0,O) rotational  state, a 3 
level  well-populated  in  the  colder (<ZOO K) regions of the  outer  circumstellar 
envelope.  The  integration  time  on  this  line  was 80 minutes.  Laboratory 
spectroscopy  on  this  transition  placed  it  only  753 MHz below  the P(20)  laser 
line  of  l2Cl8O  in  the 10 um  band.  Because  of  the  abundance  of  ground-state 
ammonia,  this  particular  laser  line  has  turned  out  to  be  the  "workhorse" LO 
frequency  for  the  initial  detection  of NH in  stellar  sources.  The  Doppler 
velocity  of  the  circumstellar  gas  with  respect  to a  local  standard  of  rest 
(LSR  velocity),  as  shown  at  the  bottom  of  the  figure,  can  be  readily  deter- 
mined  from  the  measured  frequency  offset  of  the  observed  line  from  the  labora- 
tory  rest  frequency  of  28.533534  THz.  In  addition, a  knowledge of  the 
intrinsic  stellar  velocity  from  other  types  of  observations  can  be  used  to 
infer  the  expansion  velocity  of  the  circumstellar  gas  with  respect  to  the 
stellar  core,  as  indicated  at  the  top  of  the  figure.  (At  a  transition  fre- 
quency  of  28.5 T H z  (X=10.5 urn), each 20 MHz filter  channel  represents  a 
Doppler-velocity  shift  of 0.2 km/sec.)  Future  stellar  observations will 
emphasize  studies  of NH in  additional  types  of  stars,  and  undoubtedly  the 
detection  of  other  interesting  molecules  in  the  stronger  sources. 
2 
3 
3 
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PROSPECTS 
Although the 10 um band i s  c u r r e n t l y  t h e  m o s t  f a v o r a b l e  s p e c t r a l  r e g i o n  
f o r  i n f r a r e d  h e t e r o d y n e  s p e c t r o s c o p y ,  i f  p r a c t i c a l  c o n s i d e r a t i o n s  of 
a tmospher ic  t ransparency  and  f ront -end  technology are cons ide red ,  the 5 ym band 
a l s o  a p p e a r s  p r o m i s i n g  f o r  s te l lar  s p e c t r o s c o p y  b e c a u s e  o f  t h e  a s t r o p h y s i c a l l y  
important  bands  of CO n e a r  4.7 ym. HgCdTe photomixers   funct ion a t  t h i s  wave- 
l e n g t h ,   a n d   i s o t o p i c  CO lasers a p p e a r   a n   o b v i o u s   c h o i c e   f o r   t h e  LO. I n  
a d d i t i o n ,  more complete  spectral  coverage a t  5 ym may come from frequency- 
doubled C 0 2  and N 0 lasers. Developmental  work  on a 5 um heterodyne  spec- 
t rome te r  i s  now s g a r t i n g  a t  Berkeley.  This  emphasis on g a s  l a s e r s  as l o c a l  
o s c i l l a t o r s  is n o t  meant t o  e x c l u d e  o t h e r  v i a b l e  t e c h n o l o g i e s ,  h o w e v e r .  
Following the work a t  o t h e r  i n s t i t u t i o n s ,  a smaller e f f o r t  i s  now underway i n  
our  own l a b o r a t o r y  t o  e v a l u a t e  t u n a b l e  d i o d e  lasers f o r  l a b o r a t o r y  s p e c t r o s -  
copy  and as p o s s i b l e  l o c a l  o s c i l l a t o r s  a t  f r equenc ie s  unob ta inab le  wi th  gas  
lasers. 
A t  a wavelength of 5 ym, Doppler  widths  are twice  as broad as a t  10 pm f o r  
a g iven  ve loc i ty  range .  Thus ,  an  I F  bandwidth  of 3 GHz w i l l  be  needed  to  ge t  
t h e  same veloci ty   coverage  provided  by 1 .5  GHz a t  10 urn. To s u p p o r t  t h e  
inc reased  I F  requi rements  bo th  a t  5 and  10 um, ano the r  64x20 MHz f i l t e r b a n k  is 
now under   cons t ruc t ion .   This  w i l l  expand  our   s imultaneous  f requency  coverage 
t o  2.56 GHz a n d  g r e a t l y  i m p r o v e  t h e  e f f i c i e n t  u s e  o f  o b s e r v i n g  time on a l a r g e  
t e l e s c o p e .  The success   o f   obse rva t ions  on a 1.5 m t e l e s c o p e  shows u s  t h a t  i n  
t h e  f u t u r e  w e  c a n  e f f e c t i v e l y  u s e  a 3 m in s t rumen t ,  such  as t h e  NASA 3 m 
i n f r a r e d  t e l e s c o p e  f a c i l i t y  i n  Hawaii, and  thereby  hope  to  ga in  a fou r - fo ld  
i n c r e a s e  i n  s i g n a l - t o - n o i s e  r a t i o  o n  u n r e s o l v e d  s te l la r  sources .  On such a 
l a r g e  t e l e s c o p e ,  good spec t roscopy of NH and   o the r   c i r cums te l l a r   mo lecu le s  
w i l l  b e  p o s s i b l e  on w e l l  over  100 stars. 3 
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Figure  1.- In f ra red  he te rodyne  spectrometer. 
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